
580 IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOL. 5, NO. 3, SEPTEMBER 2019

An Energy-Aware Retransmission Approach in
SWIPT-Based Cognitive Relay Systems

Qiang Li , Member, IEEE, Xueyan Zhang, Ashish Pandharipande, Senior Member, IEEE,

Xiaohu Ge , Senior Member, IEEE, and Hamid Gharavi, Life Fellow, IEEE

Abstract—In this paper, cooperative spectrum sharing is
considered between a primary user (PU) and a secondary user
(SU), where the off-the-grid secondary transmitter (ST) serves as
a cognitive relay to forward both the received primary and sec-
ondary signals by exploiting simultaneous wireless information
and power transfer (SWIPT). Based on a two-phase relaying
model, power splitting is adopted by the ST for energy har-
vesting and information processing in the first phase. Next, the
harvested energy at the ST is used to amplify-and-forward a
linearly weighted combination of the primary and secondary
signals, in the second phase. To enhance the reliability of the
system and utilize the energy harvested more wisely, an energy-
aware retransmission (EAR) scheme is proposed in the first phase
to guarantee that a certain minimum amount of energy is col-
lected by the ST before launching the second phase. Both outage
and throughput performances are theoretically analyzed for the
PU and the SU. Simulation results demonstrate that a win–win
relationship is built between the PU and the SU under proper
parameter configurations, and the proposed EAR scheme can
bring additional performance gains in unfavorable conditions
imposed under high rate and low power.

Index Terms—Cooperative spectrum sharing, cognitive relay,
simultaneous wireless information and power transfer, power
splitting, energy-aware retransmission.

I. INTRODUCTION

TRADITIONAL options to prolong the lifetime of
energy-constrained wireless networks using rechargeable,

replaceable batteries are inconvenient or even unusable in cer-
tain applications [1]. An alternative approach is to scavenge
energy from the surrounding environment, e.g., energy har-
vesting (EH) from the solar, wind, and radio-frequency (RF)
signal radiations [2]. This option, in theory, has the potential
to provide unlimited power supply to wireless devices, e.g.,
sensors, without consuming extra fossil fuels [3], [4]. Due to
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the highly dynamic operating environment, however, there is a
great uncertainty in the amount of energy harvested. In order
to provide a stable power supply for the sustainable operation
of wireless networks, dedicated RF transmitters or wireless
power beacons have been proposed to achieve efficient wire-
less power transfer [5]–[8]. By creating a twofold tunnel for
transferring both information and energy [9], the RF signals
enable simultaneous wireless information and power trans-
fer (SWIPT), which significantly improves the efficiency of
energy-constrained wireless networks [10]–[14].

In addition to linear EH models [8]–[10], a paramet-
ric non-linear EH model is also proposed in [15], which
is capable of achieving better accuracy for practical EH
circuits. Based on this model, various resource allocation
strategies are then proposed for systems with a single
antenna [16], multiple antennas [17], [18], and for cogni-
tive wireless-powered communication networks [19], [20],
respectively. Further improvements have also been reported for
SWIPT-based MIMO broadcasting systems [21] and energy-
constrained relaying networks [22] under power-splitting and
time-switching paradigms.

Given that the spectrum and energy efficiencies are amongst
the most essential design metrics in wireless communications
systems, there has been an increasing interest in applying
SWIPT to cognitive radios for enhancing both the spectrum
and energy efficiencies of wireless networks. For a detect-
and-avoid paradigm [23] where an EH-based secondary user
(SU) opportunistically accesses the spectrum holes to avoid
interfering the legacy primary user (PU), various spectrum
access policies [24]–[26] are proposed for enhancing the
achievable system throughput [27]–[29]. For a harvest-then-
transmit paradigm [30], the SU implicitly harvests the RF
energy by overhearing the PU transmission over a number of
successive time blocks without interrupting the primary link,
and the spectrum sharing begins when the ST has harvested
enough energy. For an interference temperature paradigm [23]
where the SU is allowed to access the licensed spectrum
simultaneously with the PU, the off-the-grid SU has to rely
on the energy harvested from the RF radiations of PU and
strictly control its transmission power to maintain a cer-
tain interference or outage constraint at the PU [31]–[33]. A
resource complementary scenario is considered in [34] based
on a spectrum leasing concept [35]. Using this approach the
SU exploits its energy transfer and relay functions to enable
earlier completion of the PU’s transmission [36], in exchange
for some dedicated spectra to transmit the secondary signals
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exclusively. Furthermore, EH via SWIPT has also been applied
to a cognitive overlay paradigm [23] where an SU in the
same frequency band can send its own signal along with
the received primary signal (functioning as a relay) using
amplify-and-forward (AF) [37], [38] or decoded-and-forward
(DF) [39], [40]. A wireless energy harvesting and information
transfer protocol is investigated in [37], [38] for cognitive relay
networks, where a secondary network shares the spectrum
while harvesting energy by assisting the primary transmission.
The exact expression of outage probability and rate-energy
tradeoff has also been analyzed in [37], [38]. Three-phase
energy harvesting and information transmission protocol is
proposed in [41] for cognitive radio sensor networks, where
the energy-constrained secondary sensors serve as DF relay
nodes to forward the primary information with the purpose of
accessing the licensed spectrum. This includes an optimal relay
selection algorithm for maximizing the ergodic throughput of
primary users.

In order to enhance the spectrum utilization of wireless
networks while solving the limitations imposed by energy-
constrained wireless devices, in this paper we investigate a
cooperative spectrum sharing system assisted by an SWIPT-
based cognitive relay. The PU, consisting of a primary
transmitter-receiver (PT-PR) pair, owns the spectrum but has
a very weak direct channel from PT→PR. On the other hand,
the SU, consisting of a secondary transmitter-receiver (ST-SR)
pair, is located in between the PT and the PR, thus has a better
channel from/to the PT/PR. Then the off-the-grid ST, instead
of waiting for an opportunistic access, will be allowed to act
as a cooperative relay to improve the performance of PU by
using the harvested energy scavenged from the RF radiations
of the PT. In return, the secondary signal is superimposed on
the primary signal and forwarded simultaneously by the ST,
subject to a certain power allocation. The main contributions
of this work are summarized as follows:

• A two-phase AF relaying model is established for a coop-
erative spectrum sharing system assisted by a SWIPT-
based cognitive relay ST involving two co-existing
systems and many parameters. In the first phase, power
splitting is employed at the ST where the received signal
from PT is divided into two parts for information process-
ing and EH. The harvested energy is then used to forward
a linearly weighted combination of the primary signal and
secondary signal with a certain power allocation, in the
second phase. Unlike in [9] and [38], where the direct
channel between PT and PR has been ignored, in our
work the signals received through both the relay chan-
nel PT→ST→PR and the direct channel PT→PR (albeit
weak) are utilized for decoding at the PR. This makes it
more challenging to analyze the end-to-end performance
of PU.

• A baseline scheme with a single transmission in the first
phase is first analyzed, where the energy harvested by the
ST, no matter how much, is directly used to power the
relaying transmission. This may result in a high outage
probability due to limited energy availability, subse-
quently causing unnecessary energy wastage. To enhance
system reliability while using the harvested energy more

wisely, an energy-aware retransmission (EAR) scheme is
proposed. In this approach, the PT performs retransmis-
sions within a permitted number of retransmissions in
the hope that a certain minimum amount of energy (i.e.,
based on the energy threshold) is harvested by the ST
before launching the subsequent relaying transmission. It
requires sophisticated definitions and characterizations of
different cases across multiple time slots, which makes
the analysis very challenging.

• The outage probability and throughput are analytically
derived for both the PU and the SU. Based on our analyti-
cal results, we are able to accurately evaluate throughput
performances of the whole SNR regime under various
channel and rate conditions. Simulation results demon-
strate that when the PU suffers from severe path-loss
attenuations, the SU is allowed to access the licensed
spectrum and at the same time performance gains are
achieved for the PU as compared with the case without
spectrum sharing, hence resulting in a win-win situation
between the PU and the SU. Furthermore, with a proper
selection of the energy threshold for EH and the retrans-
mission threshold, the energy harvested over retransmis-
sions can be exploited by the proposed EAR scheme
wisely, which shows additional performance gains over
the baseline scheme and the case without spectrum
sharing under high rate and low power conditions.

Although retransmission policies have been proposed for
point-to-point dual EH links [42] and multiple EH-based
DF relays [43] recently, the focus is on power management
for minimizing the packet drop probability. By contrast, an
SWIPT-based cooperative spectrum sharing system is focused,
where both outage and throughput performances of the system
can be enhanced by the proposed EAR scheme with proper
selections of the thresholds for energy and retransmission.

II. SYSTEM MODEL

As shown in Fig. 1(a), we consider a cognitive spectrum
sharing system where an ST-SR pair wishes to access the
spectrum licensed to a PT-PR pair and all terminals oper-
ate in half-duplex mode. The PT is connected to a stable
power supply and transmits signal xp at a fixed power Pp .
The off-the-grid ST relies on the energy harvested from the RF
radiations of the PT to remain active in the network and trans-
mits with best-effort at a power Ps that is a random variable
depending on the harvested energy. Denote hp,p , hp,s , hp,r ,
hs,p , and hs,r as the corresponding coefficients of channels
PT→PR, PT→ST, PT→SR, ST→PR, and ST→SR, respec-
tively. Although SWIPT typically relies on line-of-sight (LoS)
links to overcome severe power attenuation, in urban environ-
ments a perfect LoS links may not be guaranteed due to the
rich scatters/reflectors or obstacles moving into the SWIPT
path. As such, we adopt a Rayleigh fading model by tak-
ing into account the path-loss attenuations [9], [14]. Then
we have the channel coefficient hj ,k ∼ CN (0, d−v

j ,k ), where
j ∈ {p, s} and k ∈ {p, s , r}, dj ,k denotes the corresponding
distance between j and k, and v denotes the path-loss exponent.
Denoting γj ,k = |hj ,k |2 as the channel power gain, we have
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(a)

(b)

Fig. 1. Illustrations of the system model on a two-phase AF relaying protocol.
(a) The considered cooperative spectrum sharing system in which the SWIPT-
based ST serves as the cognitive relay. (b) A two-phase relaying protocol
with power splitting performed at ST for EH and information processing
respectively.

γj ,k ∼ exp(dvj ,k ). The additive white Gaussian noise (AWGN)
at the respective receivers is denoted by nk ∼ CN (0, σ2),
k ∈ p, s , r .

Provided the dense urban environmental conditions, it
is assumed that the direct channel PT→PR suffers from
severe path-loss attenuations due to obstacles or deep
fading [14], [44], [45]. Then the PU has to rely on close-by
terminals that provide cooperative relaying transmissions. An
ST that is located in between the PT and the PR, having a
better channel and signal observation from (to) the PT (PR),
is willing to serve as a cognitive relay for the primary system
in exchange for spectrum access opportunities. Then, through
a series of well-defined handshake operations [23], the cooper-
ative spectrum sharing can be established between the PT-ST
pair and the ST-SR pair by exploiting the cognitive and cooper-
ative relaying transmission provided by the ST. To be specific,
an AF relaying protocol [9] is considered and the transmis-
sion of a primary signal xp (and secondary signal xs ) can be
divided into two successive phases, as illustrated in Fig. 1(b).

• In the first phase, the PT transmits a primary signal xp
to the ST where SWIPT is performed. To be specific,
the corresponding received signal observation at the ST
is split into two portions for information processing and
EH respectively, with a power splitting factor λ [46]. The
energy harvested is then stored in a battery of sufficiently
large capacity [47].

• In the second phase, the ST transmits the locally gener-
ated secondary signal xs along with xp after amplification
to a certain power constraint. To be specific, a composite
signal xc that is a linearly weighted sum of the primary

and secondary signals is transmitted by ST by using the
harvested energy, subject to a certain power allocation
factor α between them.

Since xp and xs are transmitted simultaneously by the ST
in the second phase, spectrum sharing can be achieved simul-
taneously between the PU and the SU in the same frequency
band, which significantly improves system spectrum efficiency
without consuming extra energy. Note that the interference
brought to PU due to the transmission of xs can be poten-
tially compensated by selecting a suitable power allocation
factor α [48], [49], as will be shown later in Section V.

III. A BASELINE SCHEME WITH A SINGLE TRANSMISSION

Based on the system model introduced in Section II, we
first consider a baseline scheme with a single transmission in
the first phase. As shown in Fig. 2(a), slot-based transmis-
sions are considered where each phase consists of a single
time slot. Since only a small fraction of each time slot can be
occupied for control signaling exchanges (e.g., pilot sequence
for channel estimation), its interval is very short compared
to the duration of data transmission and therefore can be
ignored [9], [34], [38]. Thus, it is assumed that the effective
communication time equals the duration in each time slot.

In the first phase, the PT transmits a signal xp at a pre-
defined target rate Rp . Then the corresponding received signal
at the PR, ST, and SR is given as

yk =
√

Pphp,kxp + nk , k ∈ {p, s , r}. (1)

As illustrated in Fig. 1(b), power splitting [12] is performed at
the ST where a fraction λ of the received signal observation
ys is used for information forwarding, with the remain-
ing λ̄ = 1 − λ for EH [46]. In general, estimating the
optimal power splitting factor, in terms of end-to-end system
performance, would require the instantaneous availability of
the perfect global channel state information, which cannot be
practically obtained at the intermediate relay ST. Thus, we
select a fixed power splitting factor that can achieve a rea-
sonably good performance on average [22], [38]. Assuming
that the energy consumed in receiving and processing signal
is negligible, a pessimistic case is considered where the power
splitting only acts on the signal and not on the noise power.
Then the energy harvested by the ST at the end of the first
phase is given by

Eh = ηλ̄Pp

∣
∣hp,s

∣
∣2, (2)

where η ∈ (0, 1) denotes the energy conversion efficiency.
In the second phase, with a power allocation factor α

between xp and xs , a composite signal

xc =
√
αPsβ

(√
λys + n0

)
+

√
(1− α)Psxs (3)

is transmitted by the ST with best-effort, i.e., all energy
harvested in (2) is used for transmission where Ps =
ηλ̄Pp |hp,s |2. Here n0 ∼ CN (0, σ20) denotes the noise intro-
duced by signal conversion from bandpass to baseband, and

β =
1

√
λPp

∣∣hp,s
∣∣2 + λσ2 + σ20

≈ 1
√

λPp
∣∣hp,s

∣∣2
(4)
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(a)

(b)

Fig. 2. A slot-based two-phase model, where Eh represents the energy

harvested by ST after a single transmission in (2), and E
(t)
h

, Eth , and N
represent the energy harvested by ST after t transmissions in (18), the energy
threshold for EH, and the retransmission threshold, respectively. (a) A baseline
scheme with a single transmission in the first phase. (b) Proposed EAR scheme
with retransmissions in the first phase.

denotes the power amplification factor obtained assuming
Pp � σ2, σ20 [49]. Then, the corresponding received signal at
the PR and the SR at the end of the second phase is given as

yk = hs,kxc + nk , k ∈ {p, r}
= β

√
αλPsPphp,shs,kxp +

√
(1− α)Pshs,kxs

+ β
√

αλPshs,kns + β
√

αPshs,kn0 + nk . (5)

A. Outage Analysis of Primary System

By maximal-ratio combining (MRC) of the received sig-
nals (1) and (5) through both the direct and the relay channels
in two successive phases, the received signal-to-interference-
plus-noise ratio (SINR) at the PR is expressed as

γp =
Pp

∣∣hp,p
∣∣2

σ2

+
β2αλPsPp |hp,s |2|hs,p |2

(1− α)Ps
∣
∣hs,p

∣
∣2 + β2αPs

∣
∣hs,p

∣
∣2(λσ2 + σ20

)
+ σ2

≈ Pp
∣∣hp,p

∣∣2

σ2
+

Ppξ1
∣∣hp,s

∣∣2∣∣hs,p
∣∣2

(
Ppξ2|hp,s |2 + ξ1ϕ

)∣∣hs,p
∣
∣2 + σ2

(6)

≈ Pp
∣∣hp,p

∣∣2

σ2
+

Ppξ1
∣∣hp,s

∣∣2∣∣hs,p
∣∣2

Ppξ2
∣∣hp,s

∣∣2|hs,p |2 + σ2
, (7)

where ξ1 = αηλ̄, ξ2 = (1 − α)ηλ̄, and ϕ = σ2 +
σ2
0
λ . The

approximation in (6) is obtained from (4), and the approxi-
mation in (7) is obtained assuming ξ1ϕ|hs,p |2 � σ2. For a
general network topology where nodes are located relatively
apart from each other, this would be a reasonable assumption
and, for most cases, we have |hs,p |2 � 1 as the result of
path-loss attenuations.

Here, we adopt an outage definition that is widely used
in systems with retransmissions [50]–[52], where the outage
probability characterizes how reliably a message can be even-
tually delivered, irrespective of the number of occupied time
slots. Defining γp,0 = 2Rp −1 as the SINR threshold for suc-
cessfully decoding xp , the outage probability for the primary
system can then be expressed as

Op = Pr
{
log2

(
1 + γp

)
< Rp

}
= Pr

{
γp < γp,0

}
, (8)

which is theoretically analyzed and summarized in
Theorem 1.

Theorem 1: For the considered baseline scheme, the PT
performs a single transmission in the first phase and the ST
uses the harvested energy to transmit a linearly weighted sum
of the primary and secondary signals in the second phase.
Denoting x = |hp,s |2, y = |hs,p |2 and z = |hp,p |2, the
end-to-end outage probability of the PU can be obtained as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1− dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

)
∫∞
0 I1(x )dx ,

when 0 < α ≤ γp,0
1+γp,0

,

1− 2

√
dv
p,sd

v
s,pγp,0σ

2

φ1
K1

(

2

√
dv
p,sd

v
s,pγp,0σ

2

φ1

)

− dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

)
∫∞
0 [I1(x )− I2(x )]dx ,

when
γp,0

1+γp,0
< α < 1,

(9)

where φ1 = Pp(ξ1 − ξ2γp,0), I1(x ) = e
−dv

p,sx+
dvs,pσ

2

Ppξ2x Γ

(1,
dv
s,pσ

2

Ppξ2x
;

dv
s,pξ1σ

4

P2
p ξ

2
2x

), I2(x ) = e
−dv

p,sx+
dvs,pσ

2

Ppξ2x Γ(1,
dv
s,pσ

2

Ppξ2x
+

dv
s,pγp,0σ

2

φ1x
;
dv
s,pξ1σ

4

P2
p ξ

2
2x

), Kv (·) denotes the modified Bessel func-

tion of the second kind with order v [53], and Γ(a, x ; b)
is the generalized incomplete Gamma function defined by

Γ(a, x ; b) �
∫∞ta−1e(−t− b

t )

x dt [54].
Proof: See Appendix A.

B. Outage Analysis of Secondary System

By using conventional training sequences, the correspond-
ing channel state information of the incoming channel
PT→SR can be estimated accurately at the receiver side
SR [38], [55], [56] for information detection. Since the focus
of our work is on the performance analysis of the proposed
EAR scheme over multiple time slots, an upper bound
performance is considered for the secondary system. Under
these conditions, the SR can correctly decode the primary
signal xp in the first phase [38], [48]. Then, the interference
component of xp , after being reconstructed using the estimated
channel state information, is removed from the received sig-
nal at SR in the second phase leading to a perfect interference
cancellation of the PU signal [38], [39]. Then from (5), the
effectively received signal at the SR is given as

y ′r =
√

(1− α)Pshs,rxs + β
√

αλPshs,rns

+ β
√

αPshs,rn0 + nr . (10)

The corresponding received signal-to-noise ratio (SNR) at the
SR is expressed as

γs =
(1− α)Ps

∣∣hs,r
∣∣2

β2αPs

∣∣hs,r
∣∣2(λσ2 + σ20

)
+ σ2

≈ Ppξ2
∣∣hp,s

∣∣2∣∣hs,r
∣∣2

ξ1ϕ
∣∣hs,r

∣∣2 + σ2
(11)

≈ Ppξ2
∣∣hp,s

∣∣2∣∣hs,r
∣∣2

σ2
. (12)
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Similarly, the approximation in (11) is obtained from (4), and
the approximation in (12) is obtained assuming ξ1ϕ|hs,r |2 �
σ2. Defining γs,0 = 2Rs − 1 as the SNR threshold for suc-
cessfully decoding xs where Rs denotes the target rate of xs ,
then an outage occurs for the SU with a probability

Os = Pr
{
γs < γs,0

}
, (13)

as theoretically analyzed and summarized in Theorem 2.
Theorem 2: For the considered baseline scheme, by letting

x = |hp,s |2, y = |hs,r |2 and φ2 =
dv
p,sd

v
s,rγs,0σ

2

Ppξ2
, the outage

probability of the SU can be obtained as

Os = 1− 2
√

φ2K1

(
2
√

φ2

)
. (14)

Proof: See Appendix B.

C. Throughput Analysis

As shown in Fig. 2(a), since each phase consists of a single
time slot, the average throughput, which is defined as the total
amount of data successfully received by the PU (or SU) per
time slot [27], can be expressed as

Tp =

(
1−Op

)
Rp

2
, (15)

Ts =
(1−Os)Rs

2
. (16)

IV. PROPOSED EAR SCHEME

For the above baseline scheme where the PT performs
only a single transmission in the first phase, it is assumed
that the energy harvested Eh , no matter how much, can
be directly used to power the transmission in the second
phase [38]–[40], [46]. This may not be the case in practical
systems where a certain minimum amount of energy, e.g., cir-
cuit power consumption, is required before a transmission can
take place [47]. Additionally, the energy harvested after a sin-
gle transmission may not be sufficient to enable successful
delivery of xp and xs in the second phase, leading to a high
outage probability and energy wastage. In order to enhance
reliability of the system while using the harvested energy more
wisely, we propose an EAR scheme.

A. Proposed EAR Scheme With Energy Accumulation in
Phase 1

As shown in Fig. 2(b), the PT performs retransmissions of
xp in the first phase until either the energy threshold Eth or the
retransmission threshold N is firstly hit. Considering that chan-
nels keep changing from slot to slot, it is difficult to obtain an
accurate instantaneous channel state information of ST→PR
at the ST. Thus, rather than adaptively changing the value of
Eth based on the channel fluctuation for successful transmis-
sions from ST to PR, we assume a fixed value of Eth at ST in
the hope that statistically a certain outage probability can be
achieved at the PR [55], [57]. For simplicity, it is assumed that
the feedback of acknowledgement (ACK) or negative acknowl-
edgement (NACK), indicating whether Eth is met or not, is
error-free and completed immediately with negligible over-
head [58]. Then, the corresponding received signal at the PR

and the ST in the tth time slot, where t ∈ {1, . . . ,N }, can be
expressed as

yk (t) =
√

Pphp,k (t)xp + nk (t), k ∈ {p, s}. (17)

Upon power splitting of the received signal observation ys(t),
the energy harvested by the ST up to the tth time slot is
given as

E
(t)
h =

t∑

i=1

ηλ̄Pp
∣∣hp,s(i)

∣∣2. (18)

Depending on when Eth is met, we have the following
mutually exclusive events.

• E1 = {The ST harvests sufficient energy after the first
time slot, i.e., E (1)

h ≥ Eth};

• E2 = {
N⋃

t=2
E(t)2 | E(t)2 : The ST harvests sufficient energy

right after the tth time slot, i.e., E (t−1)
h < Eth ≤ E

(t)
h };

• E3 ={The ST harvests insufficient energy after N time
slots, i.e., E (N )

h < Eth}.
Remark 1: With a proper selection of the energy threshold,

Eth , and the retransmission threshold N, a reasonable amount
of energy can be accumulated at the ST for enabling a success-
ful delivery of information and without any significant delay.
This translates into throughput gains of the proposed EAR
scheme, especially in high rate and low power regimes, as will
be shown later in Section V. More specifically, when both the
baseline scheme and the case without spectrum sharing are
stuck in outage due to a very limited energy availability at
the ST, it is still possible for the proposed EAR scheme to
successfully deliver some information.

For events E1 and E2 that sufficient energy is harvested
at the end of the tth time slot, for t ∈ {1, . . . ,N }, the ST
proceeds to transmit a composite signal

xc =

√
αP

(t)
s β

(√
λys(t) + n0

)
+

√
(1− α)P

(t)
s xs (19)

in the second phase, where P
(t)
s =

t∑

i=1
ηλ̄Pp |hp,s(i)|2 and

the power amplification factor

β =
1

√
λPp |hp,s(t)|2 + λσ2 + σ20

≈ 1
√

λPp

∣∣hp,s(t)
∣∣2

(20)

assuming Pp � σ2, σ20 . Upon collecting sufficient energy
right after the tth time slot, only the latest received signal
observation ys(t) is amplified and forwarded by the ST, as
given in (19). Then the corresponding received signal at the
PR and the SR in the second phase is given as

yk = hs,kxc + nk , k ∈ {p, r}
= β

√
αλP

(t)
s Pphp,s(t)hs,kxp +

√
(1− α)P

(t)
s hs,kxs

+ β

√
αP

(t)
s hs,k

(√
λns + n0

)
+ nk . (21)

By MRC of the received signals in (17) and (21) through both
the direct and the relay channels in two successive phases, the
corresponding received SINR at the PR is given as (22) shown
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γ
(t)
p ≈

t∑

i=1

Pp

∣∣hp,p(i)
∣∣2

σ2
+

α
t∑

i=1
ηλ̄Pp

∣∣hp,s(i)
∣∣2|hs,p |2

(1− α)
t∑

i=1
ηλ̄Pp

∣∣hp,s(i)
∣∣2∣∣hs,p

∣∣2 + σ2 +
α

t∑
i=1

ηλ̄|hp,s(i)|2|hs,p |2(σ2
0+λσ2)

λ|hp,s(t)|2

(22)

=

t∑

i=1

Pp

∣∣hp,p(i)
∣∣2

σ2
+

Ppξ1
t∑

i=1

∣∣hp,s(i)
∣∣2∣∣hs,p

∣∣2

Ppξ2
t∑

i=1

∣∣hp,s(i)
∣∣2∣∣hs,p

∣∣2 +
ξ1ϕ

t∑
i=1

|hp,s(i)|2|hs,p |2

|hp,s(t)|2 + σ2

≈
t∑

i=1

Pp

∣∣hp,p(i)
∣∣2

σ2
+

Ppξ1
t∑

i=1

∣∣hp,s(i)
∣∣2∣∣hs,p

∣∣2

Ppξ2
t∑

i=1

∣∣hp,s(i)
∣∣2∣∣hs,p

∣∣2 + σ2
(23)

at the top of this page, with the corresponding received SNR
at the SR

γ
(t)
s ≈ (1− α)

∑t
i=1 ηλ̄Pp

∣
∣hp,s(i)

∣
∣2
∣
∣hs,r

∣
∣2

α
∑t

i=1 ηλ̄|hp,s(i)|2|hs,r |2(σ2
0+λσ2

ps)
λ|hp,s(t)|2 + σ2

(24)

=
Ppξ2

∑t
i=1

∣∣hp,s(i)
∣∣2∣∣hs,r

∣∣2

ξ1ϕ
∑t

i=1 |hp,s(i)|2|hs,r |2
|hp,s(t)|2 + σ2

≈ Ppξ2
∑t

i=1

∣∣hp,s(i)
∣∣2∣∣hs,r

∣∣2

σ2
. (25)

Similarly, the approximations in (22) and (24) are obtained
from (20), and the approximations in (23), as shown at the top
of this page and (25) are obtained assuming ξ1ϕ|hs,p |2 � σ2

and ξ1ϕ|hs,r |2 � σ2, respectively.

For event E3 where an energy outage occurs, i.e., E (N )
h <

Eth , although it would be helpful to consume all the har-
vested energy at the ST for forwarding xc in the second
phase, we assume that the ST remains silent for the sake
of protocol consistency. Then PR attempts to recover xp by
MRC of the received signals through only the direct channel
PT→PR across the past N time slots, i.e., yp(1), . . . , yp(N ).
The corresponding received SNR at the PR is expressed as

γd =

N∑

i=1

Pp

∣∣hp,p(i)
∣∣2

σ2
. (26)

Remark 2: Conditioned on event E3, although the ST has no
chance to transmit in the subsequent relaying phase, the energy
harvested E

(N )
h can potentially be retained for a future usage.

However, since our focus is on the performance analysis for
the transmission of a primary message over two successive
phases, this scenario is beyond the scope of our manuscript
and will be delegated to future works. For tractable analysis,
it is assumed that the harvested energy will gradually drain off
at the beginning of the transmission of a new primary signal,
which could be hours, days or even weeks apart depending on
the specific application [56]. This is a reasonable assumption
in sensor networks where the low-power sensor node stores the
harvested energy in supercapacitors that have the advantages of
high energy density, fast charging cycle, and years of charging

and discharging cycles [59], but come at a cost of high self-
discharging [60].

B. Outage Analysis of Primary System

With a joint consideration of all possible events in the first
phase, the end-to-end outage probability of the primary system
under the EAR scheme is derived in Theorem 3.

Theorem 3: For the propsed EAR scheme, taking into
account of all possible events E1, E2 and E3 in the first
phase, the overall end-to-end outage probability of PU can
be obtained as

Op = Pr
{
E1

⋂{
γ
(1)
p < γp,0

}}

︸ ︷︷ ︸
E1,out

+

N∑

t=2

Pr
{
E(t)2

⋂{
γ
(t)
p < γp,0

}}

︸ ︷︷ ︸
E(t)
2,out

+ Pr
{
E3

⋂{
γd < γp,0

}}

︸ ︷︷ ︸
E3,out

. (27)

Proof: The probabilities Pr{E1,out}, Pr{E(t)2,out} and
Pr{E3,out} are derived in Lemma 1, Lemma 2 and Lemma 3
respectively.

Lemma 1: For event E1,out that the energy harvested
exceeds the energy threshold Eth right after the first time slot
in the first phase and the primary signal xp fails to be decoded
by the PR in the second phase, by letting x = |hp,s(1)|2,
y = |hs,p |2 and z = |hp,p |2, the corresponding probability
Pr{E1,out} can be derived as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

e
− dvp,sEth

ηλ̄Pp − dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

)
∫∞

Eth
ηλ̄Pp

I1(x )dx ,

when 0 < α ≤ γp,0
1+γp,0

,

e
− dvp,sEth

ηλ̄Pp − Γ

(
1,

dv
p,sEth

ηλ̄Pp
;
dv
p,sd

v
s,pγp,0σ

2

φ1

)

−dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

)
∫∞

Eth
ηλ̄Pp

[I1(x )− I2(x )]dx ,

when
γp,0

1+γp,0
< α < 1.

(28)
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Proof: See Appendix C.
Lemma 2: For event E(t)2,out that the energy harvested

exceeds the energy threshold Eth right after the tth time slot
in the first phase and the primary signal xp fails to be decoded

by the PR in the second phase, by letting x =
t−1∑

i=1
|hp,s(i)|2,

y = |hp,s(t)|2, z = |hs,p |2 and w =
t∑

i=1
|hp,p(i)|2, the

corresponding probability Pr{E(t)2,out} can be obtained as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ Eth
ηλ̄Pp

0

∫∞
Eth
ηλ̄Pp

−x

∫∞
0 I (x , y , z )

× γ
[
t , dvp,p f (x , y , z )

]
dzdydx , 0 < α ≤ γp,0

1+γp,0

∫ Eth
ηλ̄Pp

0

∫∞
Eth
ηλ̄Pp

−x

∫ γp,0σ
2

(x+y)φ1
0 I (x , y , z )

× γ
[
t , dvp,p f (x , y , z )

]
dzdydx ,

γp,0
1+γp,0

< α < 1,

(29)

where f (x , y , z ) =
γp,0σ2

Pp
− ξ1σ2(x+y)z

Ppξ2(x+y)z+σ2 , I (x , y , z )

=
x t−2dvt

p,sd
v
s,pe

−(dvp,s x+dvp,s y+dvs,pz)

(t−2)!(t−1)!
and γ(α, x ) =

∫ x
0 e−t

tα−1dt is the incomplete gamma function [53, eq. (8.350)].
Proof: See Appendix D.
Lemma 3: For event E3,out that an energy outage occurs

in the first phase, the ST remains silent in the second phase,
and the PR has to rely on the received signals from the direct
channel across N time slots. From (26), the corresponding
probability Pr{E3,out} can be derived as

Pr

{

x <
Eth

ηλ̄Pp
, y <

γp,0σ
2

Pp

}

=

∫ Eth
ηλ̄Pp

0

xN−1dvNp,s e
−dv

p,sx

(N − 1)!

∫ γp,0σ
2

Pp

0

yN−1dvNp,p e
−dv

p,py

(N − 1)!
dydx

=

γ
(
N ,

dv
p,sEth

ηλ̄Pp

)
γ

(
N ,

dv
p,pγp,0σ

2

Pp

)

(N − 1)!(N − 1)!
, (30)

by letting x =
N∑

i=1
|hp,s(i)|2 and y =

N∑

i=1
|hp,p(i)|2.

C. Outage Analysis of Secondary System

Theorem 4: For the proposed EAR scheme, taking into
account of all possible events E1, E2 and E3 in the first phase,
the overall end-to-end outage probability of the secondary
system can be similarly expressed as

Os = Pr
{
E1

⋂{
γ
(1)
s < γs,0

}}

︸ ︷︷ ︸
E1,out

+

N∑

t=2

Pr
{
E(t)2

⋂{
γ
(t)
s < γs,0

}}

︸ ︷︷ ︸
E(t)
2,out

+Pr {E3}. (31)

Proof: The probabilities Pr{E1,out}, Pr{E(t)2,out} and
Pr {E3} are derived in Lemma 4, Lemma 5 and Lemma 6
respectively.

Lemma 4: For event E1,out that assumes the energy har-
vested exceeds the energy threshold Eth right after the first
time slot in the first phase and the secondary signal xs fails
to be decoded by the SR in the second phase, by letting
x = |hp,s(1)|2 and y = |hs,r |2, the corresponding probability
Pr{E1,out} can be derived as

Pr
{E1,out

}
= e

− dvp,sEth
ηλ̄Pp − Γ

(
1,

dvp,sEth

ηλ̄Pp
;φ2

)
. (32)

Proof: See Appendix E.
Lemma 5: For event E(t)2,out that the energy harvested

exceeds the energy threshold Eth right after the tth time slot in
the first phase and the secondary signal xs fails to be decoded

by the SR in the second phase, by letting x =
t−1∑

i=1
|hp,s(i)|2,

y = |hp,s(t)|2 and z = |hs,r |2, we have the corresponding

probability Pr{E(t)2,out}
(
dv
p,sEth

ηλ̄Pp

)t−1

(t − 2)!(t − 1)

[

e
− dvp,sEth

ηλ̄Pp − Γ

(
1,

dvp,sEth

ηλ̄Pp
;φ2

)]

. (33)

Proof: See Appendix F.
Lemma 6: For event E3 that an energy outage occurs in the

first phase, the ST remains silent and there is no way for the
SR to recover xs in the second phase. We have

Pr{E3} = Pr

{
x <

Eth

ηλ̄Pp

}

=

∫ Eth
ηλ̄Pp

0

xN−1dvNp,s e
−dv

p,sx

(N − 1)!
dx

=
γ
(
N ,

dv
p,sEth

ηλ̄Pp

)

(N − 1)!
, (34)

by letting x =
N∑

i=1
|hp,s(i)|2.

D. Throughput Analysis

From Fig. 2(b), with normalization with respect to the num-
ber of time slots required to deliver a message, the average
throughput (i.e., the total amount of data successfully delivered
per time slot per Hz) can be similarly obtained. To be specific,
conditioned on event E1, it takes two time slots to deliver xp
and xs to their respective destinations. Conditioned on event
E(t)2 , where t ∈ {2, . . . ,N }, it takes (t + 1) time slots to
deliver xp and xs to their respective destinations. Conditioned
on event E3, an energy outage occurs and no relaying trans-
mission is performed. Then, the SU experiences an outage and
the PR attempts to decode xp by using the signals received
from the direct channel PT→PR. Thus, from (27) and (31),
the average throughput achieved by the PU and the SU can
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be respectively obtained as

Tp =

(
Pr{E1} − Pr

{E1,out
})

Rp

2

+

N∑

t=2

(
Pr

{
E(t)2

}
− Pr

{
E(t)2,out

})
Rp

t + 1

+

(
Pr{E3} − Pr

{E3,out
})

Rp

N + 1
, (35)

Ts =

(
Pr{E1} − Pr

{E1,out
})

Rs

2

+

N∑

t=2

(
Pr{E(t)2 } − Pr{E(t)2,out}

)
Rs

t + 1
. (36)

V. SIMULATION RESULTS

In this section, simulation results are presented to demon-
strate the performance of the proposed SWIPT-based cooper-
ative spectrum sharing system under different schemes. Due
to the inherent complexity of the considered system model
and the proposed EAR scheme, our analytical expressions
end up with some integrals that cannot be further simplified.
However, it is worth noting that these integrals can be read-
ily calculated by the integral tools in MATLAB. To reflect
the relative locations of PT-PR and ST-SR while enabling
operability of SWIPT, we let dp,p = 40m, dp,s = 15m,
ds,p = 30m, and ds,r = 30m for the direct channel PT→PR,
relay channels PT→ST, ST→PR, and the secondary chan-
nel ST→SR [14], respectively. To reflect the relatively weak
direct channel PT→PR, we adopt a greater path-loss exponent
v = 6 for the direct channel PT→PR [44], [45] compared to
the relay channels PT→ST→PR with v = 3 [14], [30]. For
ease of illustration, we let the power splitting factor λ = 0.2,
the power allocation factor α = 0.8, the energy conversion
efficiency η = 0.8, primary transmit power Pp = 20dBm,
noise power σ2 = σ2

0 = −80dBm, the duration of a time
slot equal to 1 second, target rates Rp = Rs = 2bits/s/Hz,
retransmission threshold N = 3, and energy threshold for EH
Eth = −30dBm(s) respectively, unless otherwise specified. As
shown in Fig. 3-Fig. 10, both the derived analytical results
and Monte Carlo simulation results are presented, which are
represented by lines and markers respectively.

Fig. 3 displays the impact of Eth and N on the outage
performance of the PU. As shown in Fig. 3(a), Op is plotted
with respect to Eth when N = 2, 3, 4. With a very small
Eth = −40dBm(s) that can be easily met after the first trans-
mission, the EAR scheme acts almost the same as the baseline
scheme as if there is no constraint in the first phase, but suf-
fers from performance loss due to limited energy available
in the second phase. With an increase in Eth , since more
energy can be potentially harvested by the ST, a better outage
performance is achieved by the EAR scheme over the base-
line scheme. With an unnecessarily high Eth , however, since
the ST can hardly collect sufficient energy within a permit-
ted number of retransmissions, the performance of the EAR
scheme is severely degraded and becomes even worse than
that of the baseline scheme. Thus, a proper Eth is required
to strike a balance between the two successive phases, such

(a)

(b)

Fig. 3. The effects of Eth and N on the outage performance of PU. (a) Op
versus the energy threshold Eth for EH. (b) Op versus the retransmission
threshold N.

that a reasonably good end-to-end outage performance can be
achieved.

Furthermore, with a higher N, in general it is beneficial
to employ a larger Eth so that more energy can be har-
vested for achieving a better outage performance of the PU,
as illustrated in Fig. 3(b). It is observed that a higher Eth
generally requires a greater N in order to take full advan-
tage of the EAR scheme, e.g., Op under Eth = −30dBm(s),
−25dBm(s), −20dBm(s), −15dBm(s) becomes stable at about
N = 3, 4, 5, 7, respectively. On the other hand, for a given N,
while a small Eth leads to an under-utilization of the EAR
scheme where more energy could have been harvested, an
unnecessarily high Eth imposes an extra constraint on the
first phase and could severely degrade the end-to-end out-
age performance. Thus, both Eth and N need to be properly
selected1 for exploiting the full potential of the proposed EAR
scheme.

Fig. 4(a) demonstrates Op versus Rp under different values
of Pp . It is observed that the overall performance improves
with a higher Pp and degrades with a greater Rp . Furthermore,
with a small Eth = −40dBm(s), both the EAR and base-
line schemes have close performances, which agrees with the
results shown in Fig. 3. On the other hand, with a greater
Eth = −30dBm(s), since more energy can be potentially har-
vested by the ST to power the relay transmission in the second
phase, a better outage performance is achieved by the EAR
scheme.

Fig. 4(b) demonstrates the system outage probability ver-
sus α. It is observed that a performance tradeoff exists between
the PU and the SU in the proposed cooperative spectrum

1In the rest of the simulations, a proper N is selected for a given Eth ,
according to the results illustrated in Fig. 3(b).
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(a)

(b)

Fig. 4. The effects of Rp and α on the system outage performance. (a) Op
versus the primary target rate Rp . (b) Op and Os versus the power allocation
factor α.

sharing system. This is because with a greater α, more energy
is allocated to forward the primary signal at the ST, which
ends up with a better performance of PU while degrading
the performance of SU. It is also observed that both the PU
and the SU under the EAR scheme outperform that under the
baseline scheme under the prescribed parameter settings where
Eth = −30dBm(s) and N = 3.

Next we demonstrate the system average throughput in
Fig. 5. From Fig. 5(a) where Tp is plotted with respect to Rp ,
we can observe that Tp after reaching its maximum value,
decreases as Rp continues to increase. This is expected as
Tp is limited by the low information rate and high outage
probability in the low and high rate regions, respectively. In
the low-rate region, the case without spectrum sharing out-
performs the EAR and baseline schemes, which require at
least two time slots to deliver a message. With an increase
in Rp , the performance of the case without spectrum sharing
suffers from a high outage probability, whereas a reason-
ably good outage performance can be maintained for the
EAR and baseline schemes with the assistance of coopera-
tive relaying. For the high rate scenario of Rp = 3.6bits/s/Hz,
the corresponding throughput Tp achieved by the baseline
scheme and the EAR scheme with Eth = −15dBm(s) is
0.0685bits/s/Hz and 0.2936bits/s/Hz respectively, which cor-
responds to a performance gain of 328.74% for the proposed
EAR scheme. This is reasonable since almost no data can be
reliably delivered by both the baseline scheme and the case
without spectrum sharing due to very limited energy availabil-
ity. At the same time, it is still possible for the proposed EAR
scheme to successfully deliver some information by exploiting
the energy harvested over retransmissions.

Similar phenomena can be observed in Fig. 5(b) where Tp

is demonstrated versus Pp . It is observed that with an increase

(a)

(b)

Fig. 5. The effects of different parameters on the average throughput of
PU. (a) Tp versus primary target rate Rp . (b) Tp versus primary transmit
power Pp .

of Pp , the overall throughput is enhanced and the case without
spectrum sharing achieves a 2-fold throughput asymptotically
compared to the EAR and baseline schemes that require at
least two time slots for delivering a message. With a proper
setting of Eth = −30dBm(s), it can be observed that the EAR
scheme performs the best in low-power regions. To be spe-
cific, when Pp = 8dBm, the corresponding Tp achieved by the
baseline and the proposed EAR schemes are 0.0909bits/s/Hz
and 0.1719bits/s/Hz respectively. This indicates a performance
gain of 89.11% for the proposed EAR scheme. However, with
an unnecessarily high Eth = −15dBm(s), since more time slots
are required to meet Eth , the throughput of the EAR scheme is
degraded and becomes even worse than the baseline scheme.
From the observations in Fig. 5(a) and Fig. 5(b), the validity
of the proposed EAR scheme is verified in unfavorable condi-
tions due to high-rate and low-power requirements. It is worth
noting that even under the non-linear EH model, the linearity
holds in the low-power regime to a certain extent [15], [21]. It
can then be expected that the performance gains achieved by
the proposed EAR scheme in the low-power regime can still
hold.

The system average throughput versus α is demonstrated
in Fig. 6, where a performance tradeoff exists between the
PU and the SU. By adopting Eth = −30dBm(s) and N = 3,
the EAR scheme achieves a slight performance improvement
over the baseline scheme, as consistent with Fig. 5. Note that
with a proper power allocation factor, specifically, α > 0.67, a
higher throughput of PU is achieved by the proposed coopera-
tive spectrum sharing system than the system without spectrum
sharing. Furthermore, the EAR scheme achieves a more than
2-fold sum throughput compared to the case without spec-
trum sharing at around α = 0.8. This indicates that the system
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Fig. 6. System average throughput versus the power allocation factor α.

Fig. 7. System average throughput versus the path-loss exponent v of the
direct link PT→PR.

spectrum efficiency can be significantly improved without con-
suming extra energy, thus building a win-win relationship
between the PU and the SU.

In Fig. 7, the system average throughput is plotted with
respect to the path-loss exponent v of the direct link. With
adjustable values of v, the effect of path-loss attenuations
can adapt to different environments covering free space to
dense urban environmental conditions [44], [45]. It is observed
that when v = 3, the case without spectrum sharing achieves
an almost 2-fold throughput compared to the proposed EAR
scheme. This is reasonable as direct transmission from PT to
PR avoids spectrum efficiency loss due to the additional time
slots required in the relay transmission. While the performance
for the case without spectrum sharing is drastically deterio-
rated with an increase in v, an acceptable performance can
be maintained for the proposed EAR scheme. When v > 5.5,
a higher sum throughput is achieved by the proposed EAR
scheme. When v > 5.8, even the PU itself benefits from a
performance gain under the proposed EAR scheme, let alone
the throughput achieved by the SU. When v > 6.5, almost no
data can be reliably delivered in the case without spectrum
sharing, whereas a sum throughput of Tp + Ts = 1.3bits/s/Hz
can still be achieved under the proposed EAR scheme, owing
to the relay transmission and the available energy at ST
collected over retransmissions.

To reflect the impact of varying distances/locations of the
nodes, we consider the network topology shown in Fig. 8(a).
As can be seen, PT, PR, ST, SR are located at the original
(0, 0), (dp,p , 0), (d0,−5), (d0,−35), respectively and ST-SR
moves along the X-axis where d0 ∈ (0, dp,p). Under these
conditions, the average throughput Tp versus d0

dp,p
is plotted

(a)

(b)

Fig. 8. An illustration of the impact of varying distances/locations of nodes
on the system performance. (a) An illustration of the network topology. (b) Tp
versus d0/dp,p where dp,p = 40m, 45m, 50m.

in Fig. 8(b) under different distances dp,p . We can clearly
observe that with an increase in dp,p , the overall through-
put performance is degraded. Furthermore, for the baseline
scheme in which the ST forwards the received signal with all
energy available after a single transmission in the first phase,
the throughput performance is symmetrical with respect to
the location of the ST. This can be expected because when
ST is located in the middle of PT and PR, the throughput
performance suffers from limited harvested energy, as well as
the worse relay channel ST→PR. On the other hand, when
ST is located very close to PT, similar performances can be
achieved for both the baseline and the proposed EAR schemes.
This is reasonable as the energy threshold Eth can readily
be met right after the first transmission in the first phase.
When ST moves away from PT, the relay channel condition:
PT→ST, worsens, hence severely limiting the energy avail-
ability at the ST in the case of the baseline scheme. At the
same time, a better performance is achieved by the proposed
EAR scheme owing to the energy accumulated over retrans-
missions. However, when ST keeps moving away from PT,
since the relay channel PT→ST becomes so weak that the
energy threshold Eth can be hardly met, the performance of
the proposed EAR scheme is severely degraded and becomes
even worse compared to the baseline scheme. Thus, in order to
take full advantage of the proposed EAR scheme, the energy
threshold Eth needs to be properly selected by taking into
account the channel conditions (e.g., distances and locations
of nodes).

Together with Fig. 4(a) and Fig. 5(a), Tp is drawn versus
Op in Fig. 9(a) under different values of Rp . We can observe
that Tp and Op cannot reach optimum values simultaneously.
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(a)

(b)

Fig. 9. An illustration of the performance tradeoff between Tp and Op .
(a) Tp versus Op under different Rp . (b) Tp versus Op under different Eth .

This tradeoff is based on a fact that in the low-outage region,
Tp is limited by the low information rate. Whereas in the high-
rate region, Tp is limited by the high outage probability, as
consistent with Fig. 5(a). Under the same target rate, the EAR
scheme performs the best in terms of outage probability. This,
however, may not directly translate into throughput gain due
to more occupied time slots, especially when an unnecessarily
high Eth is adopted.
Tp is plotted with respect to Op under different values of

Eth in Fig. 9(b) when Rp =2bit/s/Hz. It is observed that while
Op keeps decreasing, the corresponding Tp after reaching the
maximum value at around Eth = −28dBm(s), decreases with
an increase in Eth . This is reasonable as with a very small
Eth = −50dBm(s), it takes only two time slots to deliver
a message as in the baseline scheme, but at the cost of a
high outage probability. Conversely, with an unnecessarily
high Eth , more energy can be harvested that enables a higher
probability of successfully delivering the message, but at the
cost of degraded throughput due to more time slots required.
Furthermore, it is observed that when Eth ≤ −16dBm(s), the
lines and markers of the EAR and baseline schemes always
lie to the top left of the red circle, thus outperforming the
system without spectrum sharing in terms of both outage and
throughput.

To provide more insights, the system energy efficiency,
defined as the successfully delivered information bits per joule,
i.e., Tp+Ts

Pp
, is plotted in Fig. 10 with respect to Pp . As can

be seen when Eth = −30dBm(s), the EAR scheme outper-
forms the baseline scheme in that the energy flow matches well
with the information flow by exploiting the energy harvested
over retransmissions potentially. Similarly, with an unneces-
sarily great Eth = −15dBm(s), the performance of the EAR
scheme is degraded and becomes worse than that of the

Fig. 10. System energy efficiency versus primary transmit power Pp .

baseline scheme. Furthermore, it is observed that significant
performance gains are achieved by the proposed EAR and
baseline schemes over the system without spectrum sharing,
in both low and modest power regions.

VI. CONCLUSION

In this paper, a cooperative spectrum sharing system assisted
by an SWIPT-based cognitive relay is considered. Based on
a two-phase AF model, the cognitive relay attempts to for-
ward a linearly weighted sum of the primary and secondary
signals by using energy scavenged from the RF radiations of
the PU. An EAR scheme is proposed for guaranteeing that a
certain minimum amount of energy is harvested. The outage
probability and average throughput are theoretically analyzed
for both the PU and the SU under the proposed scheme.
Simulation results demonstrate that a win-win situation is built
between the PU and the SU with proper parameter settings.
Furthermore, with an appropriate selection of thresholds for
EH and retransmissions, additional performance gains can be
achieved by the proposed EAR scheme in unfavorable condi-
tions imposed by high rate and low power. As extensions of
this work, a joint optimization of the energy threshold and the
retransmission threshold can be conducted to adapt the energy
flow to the information flow. Additionally, the initial energy
available at the cognitive relay at the beginning of a mes-
sage transmission can be taken into consideration, which is
able to further improve the performance of the SWIPT-based
cooperative spectrum sharing system.

APPENDIX A
PROOF OF THEOREM 1

By letting x = |hp,s |2, y = |hs,p |2 and z = |hp,p |2, and
substituting (6) into (8), we have

Op = Pr

{

z <
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

= Pr

{

Pp
(
ξ1 − ξ2γp,0

)
xy < γp,0σ

2,

z <
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

. (37)

Since x, y, z > 0, we have the following two cases.
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A. When 0 < α ≤ γp,0
1+γp,0

In this case, we have ξ1 − ξ2γp,0 ≤ 0 and thus Pp(ξ1 −
ξ2γp,0)xy ≤ 0. From (37), the corresponding outage proba-
bility can be rewritten as

Pr

{

z <
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

=

∫ ∞

0

∫ ∞

0
dvp,sd

v
s,pe

−dv
p,sx−dv

s,py

×
⎡

⎣1− e
−dv

p,p

(
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy+σ2

)⎤

⎦dydx

= 1− dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

) ∫ ∞

0

× e
−dv

p,sx+
dvs,pσ

2

Ppξ2x Γ

(

1,
dvs,pσ

2

Ppξ2x
;
dvs,pξ1σ

4

P2
p ξ

2
2x

)

dx , (38)

where Γ(a, x ; b) is the generalized incomplete Gamma func-

tion defined by Γ(a, x ; b) �
∫∞ta−1e(−t− b

t )

x dt [54].

For ease of expression, we let I1(x ) = e
−dv

p,sx+
dvs,pσ

2

Ppξ2x Γ

(1,
dv
s,pσ

2

Ppξ2x
;
dv
s,pξ1σ

4

P2
p ξ

2
2x

).

B. When
γp,0

1+γp,0
< α < 1

In this case, we have Pp(ξ1− ξ2γp,0) > 0. Then by letting
φ1 = Pp(ξ1 − ξ2γp,0), (37) can be rewritten as

Pr

{

x > 0, y <
γp,0σ

2

φ1x
, z <

γp,0σ
2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

= dvp,sd
v
s,pe

−dv
p,sx−dv

s,py

×
⎡

⎣1− e
−dv

p,p

(
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy+σ2

)⎤

⎦dydx

= 1− 2

√
dvp,sd

v
s,pγp,0σ

2

φ1
K1

⎛

⎝2

√
dvp,sd

v
s,pγp,0σ

2

φ1

⎞

⎠

− dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

) ∫ ∞

0
[I1(x )− I2(x )]dx ,

(39)

where Kv (·) denotes the modified Bessel function of the
second kind with order v [53, eq. (3.324)], and I2(x ) =

e
−dv

p,sx+
dvs,pσ

2

Ppξ2x Γ(1,
dv
s,pσ

2

Ppξ2x
+

dv
s,pγp,0σ

2

φ1x
;
dv
s,pξ1σ

4

P2
p ξ

2
2x

).

Together with the above two cases analyzed in (38) and (39),
Theorem 1 is proved.

APPENDIX B
PROOF OF THEOREM 2

By letting x = |hp,s |2 and y = |hs,r |2, and substituting (11)
into (13), we have

Os = Pr

{
Ppξ2xy

σ2
< γs,0

}
= Pr

{

x > 0, y <
γs,0σ

2

Ppξ2x

}

= 1−
∫ ∞

0
dvp,se

−dv
p,sx e

−dvs,rγs,0σ
2

Ppξ2x dx

= 1− 2

√
dvp,sd

v
s,rγs,0σ

2

Ppξ2
K1

⎛

⎝2

√
dvp,sd

v
s,rγs,0σ

2

Ppξ2

⎞

⎠

= 1− 2
√

φ2K1

(
2
√

φ2

)
, (40)

where φ2 =
dv
p,sd

v
s,rγs,0σ

2

Ppξ2
.

Thus Theorem 2 is proved.

APPENDIX C
PROOF OF LEMMA 1

By letting x = |hp,s(1)|2, y = |hs,p |2 and z = |hp,p |2, and
substituting (22) into (27), the probability Pr{E1,out} can be
expressed as

Pr

{

x ≥ Eth

ηλ̄Pp
, φ1xy < γp,0σ

2,

z <
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

. (41)

Similar to the proof of Theorem 1 in Appendix A above we
have the following two cases.

A. When 0 < α ≤ γp,0
1+γp,0

In this case, we have φ1 ≤ 0. Then (41) can be rewritten as

Pr

{

x ≥ Eth

ηλ̄Pp
, z <

γp,0σ
2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

=

∫ ∞
Eth
ηλ̄Pp

∫ ∞

0
dvp,sd

v
s,pe

−dv
p,sx−dv

s,py

×
⎡

⎣1− e
−dv

p,p

(
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy+σ2

)⎤

⎦dydx

= e
− dvp,sEth

ηλ̄Pp − dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

) ∫ ∞
Eth
ηλ̄Pp

I1(x )dx .

(42)

B. When
γp,0

1+γp,0
< α < 1

In this case, we have φ1 > 0. From (41), similarly (41) can
be rewritten as

Pr

{

x ≥ Eth

ηλ̄Pp
, y <

γp,0σ
2

φ1x
,

z <
γp,0σ

2

Pp
− ξ1σ

2xy

Ppξ2xy + σ2

}

= e
− dvp,sEth

ηλ̄Pp − Γ

(

1,
dvp,sEth

ηλ̄Pp
;
dvp,sd

v
s,pγp,0σ

2

φ1

)

− dvp,se
dv
p,p

(
ξ1σ

2

Ppξ2
− γp,0σ

2

Pp

) ∫ ∞
Eth
ηλ̄Pp

[I1(x )− I2(x )]dx .

(43)

Thus Lemma 1 is proved.
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APPENDIX D
PROOF OF LEMMA 2

By letting x =
t−1∑

i=1
|hp,s(i)|2, y = |hp,s(t)|2, z = |hs,p |2

and w =
t∑

i=1
|hp,p(i)|2, and substituting (22) into (27), the

probability Pr{E(t)2,out} can be expressed as

Pr

{

x <
Eth

ηλ̄Pp
, y ≥ Eth

ηλ̄Pp
− x , φ1z <

γp,0σ
2

x + y
,

w <
γp,0σ

2

Pp
− ξ1σ

2(x + y)z

Ppξ2(x + y)z + σ2

}

, (44)

where f (x , y , z ) =
γp,0σ2

Pp
− ξ1σ2(x+y)z

Ppξ2(x+y)z+σ2 . Similar to the
proof of Lemma 1 in Appendix C above, we have the following
two cases.

A. When 0 < α ≤ γp,0
1+γp,0

In this case, we have φ1 ≤ 0, then (44) can be rewritten as

Pr

{
x <

Eth

ηλ̄Pp
, y ≥ Eth

ηλ̄Pp
− x ,w < f (x , y , z )

}

=

∫ Eth
ηλ̄Pp

0

x t−2d
v(t−1)
p,s e−dv

p,sx

(t − 2)!

∫ ∞
Eth
ηλ̄Pp

−x
dvp,se

−dv
p,sy

∫ ∞

0
dvs,pe

−dv
s,pz

∫ f (x ,y,z )

0

w t−1dvtp,pe
−dv

p,pw

(t − 1)!
dwdzdydx

=

∫ Eth
ηλ̄Pp

0

∫ ∞
Eth
ηλ̄Pp

−x

∫ ∞

0

x t−2dvtp,sd
v
s,p

(t − 2)!(t − 1)!

e−(d
v
p,sx+dv

p,sy+dv
s,pz)γ

[
t , dvp,p f (x , y , z )

]
dzdydx , (45)

where γ(α, x ) =
∫ x
0 e−t tα−1dt is the incomplete gamma

function [53, eq. (8.350)].
For ease of expression, we let I (x , y , z ) =

x t−2dvt
p,sd

v
s,pe

−(dvp,s x+dvp,s y+dvs,pz)

(t−2)!(t−1)!
. Here (45) is obtained

by exploiting the property of the sum of a group of inde-
pendent and identically distributed (i.i.d) random variables.
To be specific, for a group of l i.i.d exponential random
variables with a mean value ρ−1, it has been proven
that the sum of these random variables, denoted by z,
follows a Gamma distribution with probability density
function [61]

fZ (z ) =

{
z (l−1)e−ρzρl

(l−1)!
, z > 0

0, else.
(46)

B. When
γp,0

1+γp,0
< α < 1

In this case, we have φ1 > 0. Then from (44), similarly (44)
can be rewritten as

Pr

{
x <

Eth

ηλ̄Pp
, y >

Eth

ηλ̄Pp
− x , z <

γp,0σ
2

(x + y)φ1
,w < f (x , y , z )

}

=

∫ Eth
ηλ̄Pp

0

∫ ∞
Eth

ηλ̄Pp
−x

∫ γp,0σ2

(x+y)φ1

0

× I (x , y , z )γ
[
t , dv

p,p f (x , y , z )
]
dzdydx . (47)

Thus Lemma 2 is proved.

APPENDIX E
PROOF OF LEMMA 4

By letting x = |hp,s(1)|2 and y = |hs,r |2, and sub-
stituting (24) into (31), the probability Pr{E1,out} can be
expressed as

Pr

{
x ≥ Eth

ηλ̄Pp
,
Ppξ2xy

σ2
< γs,0

}

= Pr

{

x ≥ Eth

ηλ̄Pp
, y <

γs,0σ
2

Ppξ2x

}

= e
− dvp,sEth

ηλ̄Pp −
∫ ∞

Eth
ηλ̄Pp

dvp,se
−dv

p,sx−
dvs,rγs,0σ

2

Ppξ2x dx

= e
− dvp,sEth

ηλ̄Pp − Γ

(
1,

dvp,sEth

ηλ̄Pp
;φ2

)
. (48)

Thus Lemma 4 is proved.

APPENDIX F
PROOF OF LEMMA 5

By letting x =
t−1∑

i=1
|hp,s(i)|2, y = |hp,s(t)|2, z = |hs,r |2,

and substituting (24) into (31), the probability of event E(t)2,out
can be expressed as

Pr

{

x <
Eth

ηλ̄Pp
, y ≥ Eth

ηλ̄Pp
− x , z <

γs,0σ
2

Ppξ2(x + y)

}

=

∫ Eth
ηλ̄Pp

0

x t−2d
v(t−1)
p,s e−dv

p,sx

(t − 2)!

∫ ∞
Eth
ηλ̄Pp

−x
dvp,se

−dv
p,sy

×
(

1− e
−dv

s,r
γs,0σ

2

Ppξ2(x+y)

)

dydx

=

(
dv
p,sEth

ηλ̄Pp

)t−1

(t − 2)!(t − 1)

[

e
− dvp,sEth

ηλ̄Pp − Γ

(
1,

dvp,sEth

ηλ̄Pp
;φ2

)]

.

(49)

Thus Lemma 5 is proved.
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[23] A. Goldsmith, S. A. Jafar, I. Marić, and S. Srinivasa, “Breaking spectrum
gridlock with cognitive radios: An information theoretic perspective,”
Proc. IEEE, vol. 97, no. 5, pp. 894–914, May 2009.

[24] S. Park, H. Kim, and D. Hong, “Cognitive radio networks with
energy harvesting,” IEEE Trans. Wireless Commun., vol. 12, no. 3,
pp. 1386–1397, Mar. 2013.

[25] S. Park and D. Hong, “Optimal spectrum access for energy harvest-
ing cognitive radio networks,” IEEE Trans. Wireless Commun., vol. 12,
no. 12, pp. 6166–6179, Dec. 2013.

[26] D. T. Hoang, D. Niyato, P. Wang, and D. I. Kim, “Opportunistic channel
access and RF energy harvesting in cognitive radio networks,” IEEE J.
Sel. Areas Commun., vol. 32, no. 11, pp. 2039–2052, Nov. 2014.

[27] S. Park and D. Hong, “Achievable throughput of energy harvesting cog-
nitive radio networks,” IEEE Trans. Wireless Commun., vol. 13, no. 2,
pp. 1010–1022, Feb. 2014.

[28] S. Yin, Z. Qu, and S. Li, “Achievable throughput optimization in
energy harvesting cognitive radio systems,” IEEE J. Sel. Areas Commun.,
vol. 33, no. 3, pp. 407–422, Mar. 2015.

[29] Y. H. Bae and J. W. Baek, “Achievable throughput analysis of oppor-
tunistic spectrum access in cognitive radio networks with energy
harvesting,” IEEE Trans. Commun., vol. 64, no. 4, pp. 1399–1410,
Apr. 2016.

[30] C. Zhai, J. Liu, and L. Zheng, “Relay-based spectrum sharing with
secondary users powered by wireless energy harvesting,” IEEE Trans.
Commun., vol. 64, no. 5, pp. 1875–1887, May 2016.

[31] S. Lee, R. Zhang, and K. Huang, “Opportunistic wireless energy har-
vesting in cognitive radio networks,” IEEE Trans. Wireless Commun.,
vol. 12, no. 9, pp. 4788–4799, Sep. 2013.

[32] Z. Yang, Z. Ding, P. Fan, and G. K. Karagiannidis, “Outage performance
of cognitive relay networks with wireless information and power
transfer,” IEEE Trans. Veh. Technol., vol. 65, no. 5, pp. 3828–3833,
May 2016.

[33] S. S. Kalamkar and A. Banerjee, “Interference-aided energy harvest-
ing: Cognitive relaying with multiple primary transceivers,” IEEE Trans.
Cogn. Commun. Netw., vol. 3, no. 3, pp. 313–327, Sep. 2017.

[34] C. Zhai, J. Liu, and L. Zheng, “Cooperative spectrum sharing with wire-
less energy harvesting in cognitive radio networks,” IEEE Trans. Veh.
Technol., vol. 65, no. 7, pp. 5303–5316, Jul. 2016.

[35] O. Simeone et al., “Spectrum leasing to cooperating secondary ad hoc
networks,” IEEE J. Sel. Areas Commun., vol. 26, no. 1, pp. 203–213,
Jan. 2008.

[36] S. Yin, E. Zhang, Z. Qu, L. Yin, and S. Li, “Optimal cooperation strategy
in cognitive radio systems with energy harvesting,” IEEE Trans. Wireless
Commun., vol. 13, no. 9, pp. 4693–4707, Sep. 2014.

[37] Z. Wang et al., “Outage analysis of cognitive relay networks with energy
harvesting and information transfer,” in Proc. IEEE Int. Conf. Commun.
(ICC), Jun. 2014, pp. 4348–4353.

[38] Z. Wang, Z. Chen, B. Xia, L. Luo, and J. Zhou, “Cognitive relay
networks with energy harvesting and information transfer: Design, anal-
ysis, and optimization,” IEEE Trans. Wireless Commun., vol. 15, no. 4,
pp. 2562–2576, Apr. 2016.

[39] D. K. Verma, R. Y. Chang, and F.-T. Chien, “Energy-assisted decode-
and-forward for energy harvesting cooperative cognitive networks,”
IEEE Trans. Cogn. Commun. Netw., vol. 3, no. 3, pp. 328–342,
Sep. 2017.

[40] J. Yan and Y. Liu, “A dynamic SWIPT approach for cooperative
cognitive radio networks,” IEEE Trans. Veh. Tech., vol. 66, no. 12,
pp. 11122–11136, Dec. 2017.

[41] Y. Wang, W. Lin, R. Sun, and Y. Huo “Optimization of relay selection
and ergodic capacity in cognitive radio sensor networks with wire-
less energy harvesting,” Pervasive Mobile Comput., vol. 22, pp. 33–45,
Sep. 2015.

[42] F. Benkhalifa and M.-S. Alouini, “Prioritizing data/energy thresholding-
based antenna switching for SWIPT-enabled secondary receiver in
cognitive radio networks,” IEEE Trans. Cogn. Commun. Netw., vol. 3,
no. 4, pp. 782–800, Dec. 2017.

[43] A. Banerjee, A. Paul, and S. P. Maity, “Joint power allocation and route
selection for outage minimization in multihop cognitive radio networks
with energy harvesting,” IEEE Trans. Cogn. Commun. Netw., vol. 4,
no. 1, pp. 82–92, Mar. 2018.

[44] Z. Ren, G. Wang, Q. Chen, and H. Li, “Modelling and simulation of
Rayleigh fading, path loss, and shadowing fading for wireless mobile
networks,” Simulat. Model. Pract. Theory, vol. 19, no. 2, pp. 626–637,
Feb. 2011.

[45] N. I. Miridakis, T. A. Theodoros, G. C. Alexandropoulos, and
M. Debbah, “Green cognitive relaying: Opportunistically switching
between data transmission and energy harvesting,” IEEE J. Sel. Areas
Commun., vol. 34, no. 12, pp. 3725–3738, Dec. 2016.

[46] T. Kalluri, M. Peer, V. A. Bohara, D. B. Costa, and U. S. Dias,
“Cooperative spectrum sharing-based relaying protocols with wire-
less energy harvesting cognitive user,” IET Commun., vol. 12, no. 7,
pp. 838–847, Apr. 2018.

[47] J. Zhan, Y. Liu, X. Tang, and Q. Chen, “Relaying protocols for buffer-
aided energy harvesting wireless cooperative networks,” IET Netw.,
vol. 7, pp. 109–118, Jan. 2018.

[48] Y. Han, A. Pandharipande, and S. H. Ting, “Cooperative decode-and-
forward relaying for secondary spectrum access,” IEEE Trans. Wireless
Commun., vol. 8, no. 10, pp. 4945–4950, Oct. 2009.

[49] Q. Li, S. H. Ting, A. Pandharipande, and Y. Han, “Cognitive spectrum
sharing with two-way relaying systems,” IEEE Trans. Veh. Technol.,
vol. 60, no. 3, pp. 1233–1240, Mar. 2011.

[50] S. Lee, W. Su, S. Batalama, and J. D. Matyjas, “Cooperative decode-and-
forward ARQ relaying: Performance analysis and power optimization,”
IEEE Trans. Wireless Commun., vol. 9, no. 8, pp. 2632–2642,
Aug. 2010.



594 IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOL. 5, NO. 3, SEPTEMBER 2019

[51] B. Maham, A. Behnad, and M. Debbah, “Analysis of outage probabil-
ity and throughput for half-duplex hybrid-ARQ relay channels,” IEEE
Trans. Veh. Technol., vol. 61, no. 7, pp. 3061–3070, Sep. 2012.

[52] T. Li, P. Fan, and K. B. Letaief, “Outage probability of energy harvesting
relay-aided cooperative networks over Rayleigh fading channel,” IEEE
Trans. Veh. Technol., vol. 65, no. 2, pp. 972–979, Feb. 2016.

[53] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products, 6th ed. New York, NY, USA: Academic, 2000.

[54] Y. Gu and S. Aïssa, “RF-based energy harvesting in decoded-and-
forward relaying system: Ergodic and outage capacities,” IEEE Trans.
Wireless Commun., vol. 14, no. 11, pp. 6425–6435, Nov. 2015.

[55] Y. Zhao et al., “Wireless information and power transfer on cooperative
multi-path relay channels,” in Proc. IEEE ICCC, 2016, pp. 1–6.

[56] I. Krikidis, “Relay selection in wireless powered cooperative networks
with energy storage,” IEEE J. Sel. Areas Commun., vol. 33, no. 12,
pp. 2596–2610, Dec. 2015.

[57] S. A. Mousavifar and C. Leung, “Lifetime analysis of a two-hop amplify-
and-forward opportunistic wireless relay network,” IEEE Trans. Wireless
Commun., vol. 12, no. 3, pp. 1186–1195, Mar. 2013.

[58] Q. Li, S. H. Ting, A. Pandharipande, and M. Motani, “Cooperate-and-
access spectrum sharing with ARQ-based primary systems,” IEEE Trans.
Commun., vol. 60, no. 10, pp. 2861–2871, Oct. 2012.

[59] F. Simjee and P. H. Chou, “Everlast: Long-life, supercapacitor-operated
wireless sensor node,” in Proc. Int. Symp. Low Power Electron. Design,
2006, pp. 197–202.

[60] M. Kaus, J. Kowal, and D. U. Sauer, “Modelling the effects of charge
redistribution during self-discharge of supercapacitors,” Electrochimica
Acta, vol. 55, no. 25, pp. 7516–7523, 2010.

[61] P. E. Oguntunde, O. A. Odetunmibi, and A. O. Adejunmo, “On the sum
of exponentially distributed random variables: A convolution approach,”
Eur. J. Stat. Probab., vol. 1, no. 2, pp. 1–8, Dec. 2013.

Qiang Li (M’16) received the B.Eng. degree in
communication engineering from the University
of Electronic Science and Technology of China,
Chengdu, China, in 2007, and the Ph.D. degree in
electrical and electronic engineering from Nanyang
Technological University, Singapore, in 2011.
From 2011 to 2013, he was a Research Fellow with
Nanyang Technological University. Since 2013, he
has been an Associate Professor with the Huazhong
University of Science and Technology, Wuhan,
China. He was a Visiting Scholar with the University

of Sheffield, Sheffield, U.K., in 2015, for three months. His current research
interests include future broadband wireless networks, cooperative commu-
nications, cognitive radios and spectrum sharing, simultaneous wireless
information and power transfer, software-defined networks, and edge caching.

Xueyan Zhang received the B.Eng. degree from
Hunan University, Changsha, China, in 2017. She
is currently pursuing the master’s degree with the
Huazhong University of Science and Technology,
Wuhan, China. Her current research interests include
energy harvesting, wireless power transfer, full-
duplex techniques, and cooperative communications.

Ashish Pandharipande (S’97–AM’98–M’03–
SM’08) received the M.S. degrees in electrical and
computer engineering and mathematics, and the
Ph.D. degree in electrical and computer engineering
from the University of Iowa, Iowa City, in 2000,
2001, and 2002, respectively.

Since 2002, he has been a Post-Doctoral
Researcher with the University of Florida, a Senior
Researcher with the Samsung Advanced Institute
of Technology, and a Senior Scientist with Philips
Research. He has held visiting positions with AT&T

Laboratories, NJ, USA, and the Department of Electrical Communication
Engineering, Indian Institute of Science, Bengaluru, India. He is currently a
Lead Research and Development Engineer with Signify (new company name
of Philips Lighting), Eindhoven, The Netherlands. His research interests
are at the intersection of sensing, networking and controls, and system
applications in domains like smart lighting systems, energy monitoring and
control, and cognitive spectrum sharing. He is currently an Associate Editor
of the IEEE SIGNAL PROCESSSING LETTERS and the IEEE SENSORS

JOURNAL, an Associate Editor of the IEEE JOURNAL ON BIOMEDICAL

HEALTH AND INFORMATICS, and a member of the International Advisory
Board, Lighting Research and Technology.

Xiaohu Ge (M’09–SM’11) received the Ph.D.
degree in communication and information engineer-
ing from the Huazhong University of Science and
Technology (HUST), China, in 2003. He was a
Researcher with Ajou University, South Korea, and
the Politecnico Di Torino, Italy, from 2004 to 2005.
He has been with HUST since 2005, where he is cur-
rently a Full Professor with the School of Electronic
Information and Communications. He is an Adjunct
Professor with the Faculty of Engineering and
Information Technology, University of Technology

Sydney, Australia. He was a Visiting Researcher with Heriot-Watt University,
Edinburgh, U.K., in 2010, for two months. He has published about 190 papers
in refereed journals and conference proceedings and has been granted about
15 patents in China. His research interests are in the area of mobile com-
munications, traffic modeling in wireless networks, green communications,
and interference modeling in wireless communications. He was a recipi-
ent of the Best Paper Awards from IEEE Globecom 2010. He served as
the General Chair for the 2015 IEEE International Conference on Green
Computing and Communications. He serves as an Associate Editor for the
IEEE WIRELESS COMMUNICATIONS and the IEEE TRANSACTIONS ON

GREEN COMMUNICATIONS AND NETWORKING.

Hamid Gharavi (M’79–SM’90–F’92–LF’13)
received the Ph.D. degree from Loughborough
University, U.K., in 1980. He joined the Visual
Communication Research Department, AT&T Bell
Laboratories, Holmdel, NJ, USA, in 1982. He was
then transferred to Bell Communications Research
(Bellcore) after the AT&T-Bell divestiture, where
he became a consultant on video technology and a
Distinguished Member of Research Staff. In 1993,
he joined Loughborough University as a Professor
and the Chair of communication engineering.

Since 1998, he has been with the National Institute of Standards and
Technology, U.S. Department of Commerce, Gaithersburg, MD, USA. He
was a core member of Study Group XV (Specialist Group on Coding for
Visual Telephony) of the International Communications Standardization
Body CCITT (ITU-T). His research interests include smart grid, wireless
multimedia, mobile communications and wireless systems, mobile ad hoc
networks, and visual communications. He holds eight U.S. patents and
has over 150 publications in the above areas. He was a recipient of the
Charles Babbage Premium Award from the Institute of Electronics and Radio
Engineering in 1986, the IEEE CAS Society Darlington Best Paper Award
in 1989, and the Washington Academy of Science Distinguished Career in
Science Award for 2017. He served as a Distinguished Lecturer of the IEEE
Communication Society. He has been a Guest Editor for a number of special
issues of the PROCEEDINGS OF THE IEEE, including Smart Grid, Sensor
Networks and Applications, Wireless Multimedia Communications, Advanced
Automobile Technologies, and Grid Resilience. He was a TPC Co-Chair for
IEEE SmartGridComm in 2010 and 2012. He served as an Editorial Board
Member for the PROCEEDINGS OF THE IEEE from 2003 to 2008. From
2010 to 2013, he served as the Editor-in-Chief for the IEEE TRANSACTIONS

ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY. He is currently
serving as the Editor-in-Chief for the IEEE WIRELESS COMMUNICATIONS.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


